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Abstract
Study Objectives: Sleep features in infancy are potential biomarkers for brain maturation but poorly characterized. We describe normative values for sleep 
macrostructure and sleep spindles at 4–5 months of age.
Methods: Healthy term infants were recruited at birth and had daytime sleep electroencephalograms (EEGs) at 4–5 months. Sleep staging was performed and five 
features were analyzed. Sleep spindles were annotated and seven quantitative features were extracted. Features were analyzed across sex, recording time (am/pm), 
infant age, and from first to second sleep cycles.
Results: We analyzed sleep recordings from 91 infants, 41% females. Median (interquartile range [IQR]) macrostructure results: sleep duration 49.0 (37.8–72.0) min 
(n = 77); first sleep cycle duration 42.8 (37.0–51.4) min; rapid eye movement (REM) percentage 17.4 (9.5–27.7)% (n = 68); latency to REM 36.0 (30.5–41.1) min (n = 66). 
First cycle median (IQR) values for spindle features: number 241.0 (193.0–286.5), density 6.6 (5.7–8.0) spindles/min (n = 77); mean frequency 13.0 (12.8–13.3) Hz, mean 
duration 2.9 (2.6–3.6) s, spectral power 7.8 (4.7–11.4) µV2, brain symmetry index 0.20 (0.16–0.29), synchrony 59.5 (53.2–63.8)% (n = 91). In males, spindle spectral power 
(µV2) was 24.5% lower (p = .032) and brain symmetry index 24.2% higher than females (p = .011) when controlling for gestational and postnatal age and timing of the 
nap. We found no other significant associations between studied sleep features and sex, recording time (am/pm), or age. Spectral power decreased (p < .001) on the 
second cycle.
Conclusion: This normative data may be useful for comparison with future studies of sleep dysfunction and atypical neurodevelopment in infancy.
Clinical Trial Registration: BABY SMART (Study of Massage Therapy, Sleep And neurodevelopMenT) (BabySMART)
URL: https://clinicaltrials.gov/ct2/show/results/NCT03381027?view=results.
ClinicalTrials.gov Identifier: NCT03381027
Key words:  neurodevelopment; sleep; spindles; macrostructure; infant; EEG; REM; NREM; nap
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This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
Statement of Significance
Sleep is fundamental at any stage of life but has particular importance during the first year. Sleep quality influences the architecture of neural connections and 
circuits, which are essential for memory consolidation and learning. During infancy, there is an unparalleled dynamic evolution of sleep that accompanies the pro-
gress of brain maturation. This study describes normative data for sleep macrostructure and sleep spindle features at 4 to 5 months and compares those param-
eters across sex, time of the day, first and second sleep cycle, and possible trends across gestational, postmenstrual, and postnatal ages, providing a benchmark 
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Introduction
Some of the most important sleep waveforms recorded on 
the electroencephalogram (EEG) are sleep spindles. These tran-
sients, defined by the American Academy of Sleep Medicine 
(AASM) as runs of 11–16 Hz oscillatory activity occurring over 
central locations during N2 and N3 stages of sleep [1], arise from 
the thalamus [2] during a state of relative hyperpolarization 
[3]. Spindle properties are dependent on intra-thalamic inter-
actions, particularly between the reticular nucleus and thalamo-
cortical neurons, and amongst thalamic and cortical structures 
[4–7]. In humans, the first spindles can be detected on surface 
EEG as early as 6 to 9 weeks postnatal age (PNA) [8].
Since early analysis by Gibbs and Gibbs [9], it has been ex-
tensively demonstrated that there are two spindle frequencies: 
slow spindles, prevalent over the frontal areas, and fast sleep 
spindles, prevalent over the central/centroparietal areas, in chil-
dren [10–12] and adults [13–17]. The two types of spindles corres-
pond to different underlying dynamics [13, 17, 18], cortical and 
subcortical activations [19], and may reflect specific processes 
of learning and cognitive ability [13, 16, 18, 20–22]. Different 
studies have used different cut-off frequency points for the two 
types of sleep spindles, and this inconsistency may be related to 
interindividual differences [23].
Sleep spindle features are partially dependent on gen-
etic factors [24], including sex [23, 25]. However, several en-
vironmental factors can influence sleep spindle parameters, 
including circadian rhythm and sleep pressure [23, 25–29]; ac-
tivities where learning might be involved [30–35]; cognitive 
abilities; and pathological conditions such as Alzheimer’s [36], 
Parkinson’s [37], attention deficit hyperactivity disorder [38], 
autism spectrum disorder [39], schizophrenia [40, 41], and some 
cases of cerebral palsy [42]. A possible explanation linking some 
manifestations of neurological diseases to alterations in spindle 
parameters may reside in the fact that several “at-risk” genes for 
these pathologies are highly expressed in the thalamic reticular 
nucleus [43], which is integral to spindle generation.
With aging, there is an early shift of the maximal spindle-
related power toward anterior locations [44], and evolution of 
several individual sleep spindle parameters such as density, fre-
quency, duration, and amplitude [12, 25, 45]. The most marked 
changes occur during infancy but continue to a lesser extent 
until adulthood, accompanying major brain maturation pro-
cesses, further to this, sleep spindles might present properties 
that actively contribute to some synaptic development [46] (for 
review see Ref. [47]).
In the pediatric population, slower and fast sleep spindles 
appear to play different roles in the varying factors that com-
pose intelligence [10, 48–50]. However, no association was ob-
served in a cohort from 12 to 30  months in a series of tests 
that included socialization, hand-and-eye coordination, and 
other motor functions [51]. Similar to the adult population [52], 
there has been no evidence that sleep spindles in children are 
related to verbal cognitive ability with the exception of narra-
tive memory [48, 49]. Also, like adult studies, there seem to be 
sex differences regarding these associations in populations as 
young as 4 to 8 years old [10]. It has also been demonstrated that 
there are reciprocal interactions between sleep spindle charac-
teristics such as number [30, 31, 34], density [32, 35, 53], spec-
tral power [30, 33], amplitude [53], duration [53] and relationship 
with slow waves [18], and the ability to learning different tasks.
At term, the proportion of time spent in active sleep is at 
its highest [54] and sleep tends to initiate with this sleep stage. 
The shift to quiet sleep onset occurs after the 44th week of 
postmenstrual age (PMA) [55, 56]. During infancy, latency to 
rapid eye movement stage (REM) increases and becomes more 
dependent on duration of the previous wakefulness period [57], 
while the proportion of active to quiet sleep and, subsequently, 
REM:non-rapid eye movement (NREM) sleep continues to de-
crease [54, 58]. In infancy, REM:NREM proportions from daytime 
naps maturate earlier relative to nocturnal proportions [59]. 
From 4 months of age, NREM sleep can be further classified into 
stage 1 (N1), stage 2, (N2), and stage 3 (N3), as the stages become 
increasingly differentiated [60].
Sleep is theorized to endorse homeostatic balance at the cel-
lular level [61] and to prevent neuroinflammation [62–64]. Sleep 
reshapes the maturing brain [65, 66]; in a period of life with 
less efficient neural networks, sleep in thought to contribute to 
a general energy saving by reducing the number of redundant 
synapses, and enhancing strategic synapses, thus promoting 
learning and memory consolidation [63]. It allows somatosen-
sory and motor development [67, 68], prolongs stimuli recogni-
tion in infants [69–71], and contributes to mood regulation [72]. 
Poor quality of sleep during development is associated with 
higher risk for the development of psychopathological symp-
toms [73] and lower cognitive outcomes later in life [62].
The process of neurodevelopment during the first months of 
life is dynamic with changes in sleep macrostructure and sleep 
spindles reflecting some of these alterations. These features 
may provide early biomarkers for development. Sleep spindles, 
in particular, show a unique individual fingerprint [15] and are 
affected by different neurologic pathologies. The normative 
values for the 4 to 5-month age group may offer a benchmark 
with which to assess a potentially abnormal developmental tra-
jectory. In this study, we analyze the macrostructure of sleep, 
as well as sleep spindles of ex-term infants at 4 to 5 months of 
age, possible influences of gender, period of the day the nap oc-
curs, and differences from first to second sleep cycle. The sleep 
parameter trends are also analyzed across gestational age (GA), 
PMA, and PNA.
Methods
This study was approved by the Clinical Research Ethics 
Committee of the Cork Teaching Hospitals. The guardians of the 
participants were approached for consent in the postnatal ward 
at Cork University Maternity Hospital between 2017 and 2018. 
The criteria for inclusion were being healthy, singleton, and born 
after 37 weeks of GA.
Infants were enrolled into the BabySMART study, a random-
ized controlled study investigating the impact of an interven-
tion (infant massage) on sleep and neurodevelopment in early 
infancy. EEG analysis was performed blinded to group alloca-
tion. Only the data from the nonintervention group was used 
in this analysis. Infants participated in a sleep EEG recording 
at approximately 4–5 months of age. Appointments occurred 
during the day, either during the morning or the afternoon, 
generally between 9.30 and 12.00 am, and 1.30 and 4.00 pm 
respectively. The soundproof room was at a comfortable tem-
perature according to parents’ judgment and lights dimmed; 
guardians could opt to let the infant sleep on their lap, the 
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was encouraged to distract the infants from the procedure and 
soothe them.
EEG recording
Video-EEGs were recorded using a Lifelines (Lifelines Neuro, 
UK) EEG acquisition system. Electrode placement followed the 
international 10–20 system and included FP2, FP1, F8, F7, F4, F3, 
Fz, A2, A1, T4, T3, C4, C3, Cz, T8, T7, P4, P3, Pz, O2, O1, reference, 
and ground. Disposable cup EEG electrodes were used and im-
pedances were maintained below 10 kΩ. Additional polygraphy, 
including electrocardiogram, electrooculogram, submental elec-
tromyogram, and respiration, was recorded. The EEG was sam-
pled at 500 Hz. The EEG was recorded for the sleep duration 
and finished after the baby fully woke and was no longer able 
to return to sleep. A clinical physiologist remained in the room 
during the recording to promptly address any technical issues 
that might arise and to flag any incidental EEG findings.
EEG analysis
The post-acquisition EEG analysis of sleep macrostructure 
and sleep spindles was performed by an experienced clinical 
physiologist (S.V.). EEG was reviewed using standard high- and 
low-pass filters of 0.5 and 70 Hz respectively.
Sleep staging was performed according to the AASM guide-
lines version 2.4, in 30-second epochs and annotated using sleep 
staging software (Nicolet, Natus). Sleep spindles present over F4-C4 
and F3-C3 EEG channels were visually identified post-acquisition 
on Stratus EEG (Kvikna, Iceland) software and were marked on the 
EEG with duration annotations, populating an events list that could 
be exported as a text file for further analysis. The spindle param-
eters analyzed were the number of spindles, density (number of 
sleep spindles per minute of NREM), duration (s), median sleep 
spindle spectral power (µV2), mean spindle frequency (Hz), brain 
symmetry index [74] (a measure of divergence of inter-hemispheric 
power), and synchrony. This data was segregated by sleep cycles. 
Spectral power and mean frequency were calculated from power 
spectral density (PSD) estimates of each spindle. These meas-
ures used a periodogram PSD. Brain symmetry index was calcu-
lated over a 30 s epoch with 75% overlap; non-spindle activity in 
this epoch was ignored. This measure used a Welch PSD with a 
0.5 s Hamming window with 75% overlap. All PSD estimates were 
limited to the range 9 to 16 Hz and spindles of <0.5 s in duration 
were ignored. The median values of number of spindles, duration, 
median spindle spectral power, and mean spindle frequency were 
calculated as a summary measure per infant. Synchrony, a measure 
of coincidental contralateral sleep spindles, was calculated as the 
percentage overlap between spindles in the left and right hemi-
spheres. Duration of spindles was obtained from the sleep spindles 
individual annotations and density was calculated based on the 
number of sleep spindles and the duration of NREM sleep during 
each sleep cycle. Mean frequency and synchrony were calculated 
using Matlab (The Mathworks Inc, Natick, MA, version 9.8.0 R2020a); 
brain symmetry index and spectral power of the spindles were 
calculated using NEURAL software (a neonatal EEG feature set in 
Matlab, version 0.4.3) [75].
Griffiths III is a neurodevelopmental assessment tool, designed 
to be administered to children from birth to 5 years and 11 months 
[76]. Infants with an overall Griffiths developmental quotient (GDQ) 
of 85 or lower at 18 months were considered to have developmental 
delay and were excluded from this study. Infants were also excluded 
if their GDQ score was not available at 18 months, a sleep recording 
was not obtained or EEG abnormalities were found. Further exclu-
sions were applied depending on the amount of sleep data recorded. 
As there were some infants that fell asleep before the recording initi-
ated, those infants were excluded for calculations of spindle number 
and density due to the potential for missing data. Only infants with 
a complete first sleep cycle were considered for the macrostructure 
analyses. Here, complete sleep cycle meant that infants only fell 
asleep after the onset of the polysomnography and had both NREM 
and REM sleep, with a requirement for N2 and/or N3 during NREM 
state being present. We noted exceptional cases where REM sleep 
occurred before meeting criteria for N2; to avoid joining the norm 
with the exception on the measures of latency to REM, these infants 
were excluded from these specific variable analyses. For comparison 
between first and second cycle, the previous rules still applied on 
the micro- and macrostructure; additionally, for microstructure ana-
lysis, we included infants who had NREM recorded for both sleep 
cycles, and for macrostructure, infants who had at least two com-
plete sleep cycles.
Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics 
(version 26.0, IBM Corp., Armonk, NY). Continuous variables 
were described using mean and standard deviation (SD) or me-
dian and interquartile range (IQR) and categorical variables 
were described using frequency and percentage. Relationships 
between continuous variables were initially investigated using 
Pearson’s correlation coefficient.
Univariable and multivariable linear regression was used to 
investigate factors associated with sleep features. The factors 
investigated were age (GA and PNA), sex, and period of the day. 
Some sleep features were log-transformed prior to the regres-
sion analyses: spindle spectral power and brain symmetry index 
and macrostructural metrics of time in REM, first cycle duration, 
latency to sleep, that is, time from the period of lights off at the 
start of EEG to onset of sleep, and to REM variables. The regres-
sion coefficients (B) and their corresponding 95% CIs were back-
transformed and presented in the original units.
Differences in sleep parameters between the first and second 
sleep cycle were investigated using the Wilcoxon signed-rank 
test. All tests were two-sided and a p-value < .05 was considered 
statistically significant. Sleep spindles annotations analyzed in 
this study were compared with annotations of a second-rater 
using the Kappa statistic.
Results
Ninety-eight infants had an EEG recording at 4 to 5 months of 
age. Of those, two were excluded, as one did not fall asleep and 
the other had an abnormal EEG. We further excluded four in-
fants who did not have a Griffith’s-III neurodevelopmental as-
sessment at 18 months and one infant whose GDQ score was 
equal or lower than 85 (Figure 1). Table 1 describes the demo-
graphic information of the 91 infants included in this study.
Analysis of diurnal sleep macrostructure
A median (IQR) total recording time of 65.0 (49.5–87.5) min 
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occurred during the morning time. In total, 14 infants fell 
asleep during electrode application. The total nap duration 
for those who fell asleep after the recording started had a me-
dian (IQR) of 49.0 (37.8–72.0) min (n = 77). Of those 77 infants, 
68 had a complete first sleep cycle recorded. Twenty-nine in-
fants out of the total 91 reached the second sleep cycle. When 
including infants that fell asleep after the recording started 
(n = 77), only 22/77 (28.6%) reached at least the second sleep 
cycle; 5/77 (7.8%) achieved and 3/77 (3.9%) completed the third 
cycle. 1/77 infant reached the 4th sleep cycle (Figure 1). Two 
infants out of 77 (2.6%) reached REM stage before meeting the 
criteria for N2.
Table 2 represents the duration of sleep stages during the 
first complete cycle and latencies to sleep and REM (n  =  68). 
Figures 2–5 illustrate the typical sleep stages from N1 to REM of 
a participant.
Of the 96 infants with a clinically normal EEG and with 
sleep recorded, 5 were excluded from the study due to lacking 
or having a low score on Griffiths and, 15 were excluded from 
macrostructure analysis due to falling asleep before the re-
cording onset. As an indicator of sample size calculation for fu-
ture studies, ignoring the mentioned exclusions, 72/96 infants 
(75.0%) reached a complete sleep cycle (N1 may not have been 
recorded). Two further infants had REM before reaching N2 and 
N3 out of the 81 whose sleep onset was recorded (2.5%).
Analysis of diurnal sleep spindles
To calculate interobserver agreement for detection of sleep spin-
dles, the first sleep cycles of 65/96 infants were annotated by 
two raters and compared. Kappa scores for spindle identifica-
tion were 0.82 and 0.80 for right and left fronto-central spin-
dles respectively, which confirm that sleep spindles are discrete 
and readily identifiable waveforms. 50.3% of the sleep spindles 
were right-sided. From the 91 participants, we recorded a total 
of 29 947 sleep spindles. For the first cycle, 21 867 spindles were 
recorded. Table 3 provides the characterization of the sleep spin-
dles during the first sleep cycle across infants. The distribution 
of sleep spindle frequencies (Hz) is shown in Figure 6.
Sleep parameter regression analysis
Results from the univariable and multivariable linear re-
gression analyses between sleep spindle  parameters at 4 to 
5  months during the first sleep cycle and GA, PNA, sex, and 
timing of the nap are presented in Table 4. In the univariable 
analysis, GA was negatively correlated with synchrony [B(95% 
CI): −1.307(−2.583 to –0.031), p  =  .045] but this relationship 
Table 1. Demographics
Characteristics Mean (SD)* (n = 91)
Sex—female, n (%) 37 (40.7)
Weight at birth (kg) 3.57 (0.46)
Gestational age (weeks) 39.8 (1.2)
PNA at the appointment (weeks) 19.5 (1.3)
PMA at the appointment (weeks) 59.3 (1.8)
Timing of the nap—afternoon, n (%) 49 (53.8)
Mother’s ethnicity, n (%)
 White Irish 82 (90.1)
 Non-Irish White 6 (6.6)
 Asian 2 (2.2)
 Latin-American 1 (1.1)
Father’s ethnicity, n (%)
 White Irish 82 (90.1)
 Non-Irish White 6 (6.6)
 Asian 2 (2.2)
 Arabic 1 (1.1)
Gestational age is referred as the time from mothers’ last menstrual cycle to 
delivery, PNA as age at the occasion of the EEG recording counted from birth 
and postmenstrual age as the sum of both.94
*Unless otherwise stated.
PNA, postnatal age; PMA, postmenstrual age.
Infants who had a complete second sleep 
cycle recorded
11/77
(all infants had REM at the end of the sleep cycle)
Infants who reached the second sleep cycle 
29/91 
(sleep commenced before or 
aer recording onset)
22/77 
(sleep commenced aer 
recording onset)
Infants who had a complete first sleep cycle 
recorded
68/77 
(REM at the beginning/end of 
the sleep cycle)
66/77
(REM occured at the end of the 
sleep cycle)
Infants who commenced sleeping aer EEG 
recording onset
77/91
Infants who had Griffiths general score 
>85points at 18 months
91/96
Infants who had a sleep recorded
96
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was no longer statistically significant in multivariable ana-
lysis [B(95% CI): −1.216(−2.547 to 0.115), p  =  .073]. Likewise, 
PMA and spindle duration were negatively correlated [B(95% 
CI): −0.086 (−0.158 to −0.015), p = .018] in the univariable ana-
lysis, losing statistical significance when controling for sex 
and timing of the nap (results not included).  Sleep spindle 
spectral power and brain symmetry index differed by sex in 
the univariable analyses with significantly higher power and 
lower brain symmetry index in females (p = .022 and p = .010, 
respectively). These differences remained statistically signifi-
cant in the multivariable analyses (p  =  .032 and p  =  .011, re-
spectively). Comparisons of sleep parameters by timing of the 
nap (morning or afternoon) demonstrated lower spindle dur-
ation during afternoons in the unadjusted analysis (p  =  .034) 
but the difference was not significant in the adjusted analysis 
(p = .115). No significant relationships between the factors and 
the macrostructure outcomes were found in the univariable or 
multivariable analyses (Table 5).
To study sleep macrostructure across the first two cycles, 
further exclusion was made to only include infants who had 
two complete sleep cycles (n = 11). No statistically significant 
differences were observed in sleep macrostructure parameters 
between cycles (Table 6). Changes in sleep spindle parameters 
along with the reduction of sleep pressure from the first to 
second cycle were investigated using the data of 29 infants 
who reached a second sleep cycle. Sleep spindle spectral 
power decreased significantly on the second cycle with (p < 
.001, Table 6).
Table 2. Duration of sleep stages on the first cycle
Sleep stages
Median (IQR) (n = 68)
Time (minutes) Time (% from cycle duration)
Latency to sleep 8.5 (4.0–14.0) —
Cycle duration 42.8 (37.0–51.4) —
NREM 35.5 (30.1–40.5) 82.6 (72.3–90.5)
 N1 8.0 (4.5–13.4) 18.8 (13.3–28.0)
 N2 4.5 (2.5–6.5) 10.9 (6.0–16.5)
 N3 20.3 (16.5–25.4) 46.0 (38.3–59.7)
REM 6.5 (3.6–11.5) 17.4 (9.5–27.7)
Latency to REM* 36.0 (30.5–41.1) —
*n = 66, infants who meet criteria for staging REM before N2 were excluded.
Figure 2. N1 sleep stage with its characteristic relative low amplitude and mixed frequencies and slow eye movement (intrusion of frontal activity is present on the 
EOG channels). Incipient vertex sharp waves are present in the central regions. Gridlines represent 10 s-intervals. Power spectrum density (PSD) window on top of the 
EEG represent spectral power of frequencies from 0.5 to 30 Hz (y axis) across the approximately 1 h of recording (x axis). Red colors represent the highest spectral power 
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Discussion
We have described sleep macrostructure and sleep spindle 
parameters in the largest cohort to date of infants from 4 to 
5 months of age. Sleep spindle spectral power decreased from 
the first to the second sleep cycle. From multivariable ana-
lysis, we noted that two-spindle features differed by gender: 
Figure 3. N2 sleep stage. Sleep spindles marked the onset of this epoch. Top EEG: timebase = 1.5 cm/s, gridlines correspond to 10 s intervals. Bottom EEG: detail of the 
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spindle spectral power and symmetry. There were no signifi-
cant correlations between spindle features and time of re-
cording (am/pm), GA and chronological age. No association 
were observed between sleep macrostructure analysis and 
sex, time of recording (am/pm), GA, and chronological age. 
This data serves as baseline normative values, which can be 
used in future studies to compare with infants at risk of ab-
normal neurodevelopment.
Figure 4. N3 sleep stage. High amplitude slow waves are a hallmark of this stage (intrusions of frontal high amplitude activity present on the EOG channels). Top EEG: 
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Normative values for sleep macrostructure and sleep 
spindles at 4 to 5 months and their maturational 
evolution
Around the 44th week of PMA, sleep onset starts shifting from 
REM to NREM sleep [55]. In this study, only two infants reached 
REM sleep before reaching N2. As reviewed by de Weerd et al. [77], 
this is in keeping with other studies that did note a complete 
REM onset of sleep in some infants of this age group. Schulz et al. 
hypothesized that increased latency to REM in infancy is de-
pendent on the establishment of the circadian rhythms through 
means of body temperature circadian amplitude variation and 
reduction of sleep fragmentation [57].
In the present study, the median (IQR) sleep latency was 
8.5 (4.0–14.0) min [mean (SD) of 12.7 (15.8) min]. This latency 
is shorter in comparison with studies based on parent percep-
tion [78, 79]. Our results for sleep latency are similar to other 
studies when compared using the mean instead of the median 
(we opted to use the median as sleep latency data has a skewed 
distribution). Considering the high SD of the latency to sleep in 
the discussed papers and of the present study, it is clear that 
there is a high variance in sleep latencies for this age group 
which may further explain the different results. Additionally, 
differences in sleep latency may be explained by our use of 
polysomnographic recordings which provide a more accurate 
and objective measure of sleep onset, with all our record-
ings carried out in a temperature-controlled low noise sleep 
lab. At the same time, feeding during electrode placement 
in our study may have had a soothing effect that increased 
the infants’ predisposition to fall asleep, even before turning 
off lights and suspension of other stimuli. In fact, 14 infants 
fell asleep during the lights-on period while electrodes were 
being placed.
To date, the majority of studies seeking to characterize 
the evolution of sleep spindle parameters during the first 
year of life have included only small cohorts of infants. 
Nevertheless, these pioneer studies allow insight into the 
trends and values of different sleep spindle parameters during 
this neurodevelopmentally rich phase of life. During the first 
6  months, the increasingly dominant sleep spindle frequen-
cies range from 12.0 to 14.0Hz [8]. This finding is in accordance 
with our study, in which the median sleep spindle frequency 
was 13.0Hz with a narrow IQR of 12.8 to 13.3Hz, suggesting it 
is well conserved across infants. In contrast, spindles of slower 
rhythms (<12 Hz) become significantly less common across the 
same period [8]. Particularly after the first year, and at least, 
until reaching the 4-year mark, slow spindles reverse this ten-
dency and increase in density [12]. It is widely accepted that 
two individual types of sleep spindles develop during child-
hood; fast spindles over more centroparietal areas and slow 
spindles over more anterior areas, that have different dynamics 
[19, 80] and subserve different functions (see for example Refs. 
[33, 53]). In the present study, the fronto-central channels were 
chosen to manually annotate the sleep spindles due to their 
Table 3. Analysis of sleep spindle features during the first sleep cycle
Sleep spindle parameters Median (IQR) (n = 91)
Frequency (Hz) 13.0 (12.8–13.3)
Duration (s) 2.9 (2.6–3.6)
Spectral Power (µV2) 7.8 (4.7–11.4)
Brain symmetry index 0.20 (0.16–0.29)
Synchrony (%) 59.5 (53.2–63.8)
Number* 241.0 (193.0–286.5)
Density* (spindles/min) 6.6 (5.7–8.0)
*Infants who fell asleep before EEG started were excluded (n = 77).
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predominance in this area on EEG visual inspection. However, if 
two sleep spindle types with distinct frequencies were present 
in these EEGs, we would expect some level of intrusion of fast 
sleep spindles through central electrodes and to be able to detect 
these two distinct frequency peaks on these channels. However, 
the histogram of the distribution of mean frequencies of each 
spindle (Figure 6), does not show obvious evidence of a second 
peak. The infants’ young age may explain the absence of a clear 
double peak and thus, its presence may constitute a marker of 
neurodevelopment. This finding is consistent with previous ob-
servations which suggest that the two types of sleep spindles 
do not coexist before the first year of life [12, 51]. Nevertheless, 
it remains a possibility that the two potential peaks were con-
cealed by intra-individual differences, driven by plotting N2 and 
N3 spindles simultaneously, and inter-individual differences in 
frequency [15, 80] and further investigation on this matter may 
be required.
In the first 4  years, sleep spindle density, is highest be-
tween 4 and 12 months [12]. Sleep spindle synchrony and asyn-
chrony values fluctuate during the first year with the highest 
sleep spindle asynchrony in earlier infancy [8, 81]. Symmetry is 
expected to be lowest between 4 and 5 months of age [8]. We 
identified two previous studies addressing spindle synchrony 
and one on spindle symmetry in infants [8, 81]. However, in our 
study, we used different methods to calculate symmetry and 
synchrony to these studies and our results may not be directly 
comparable. In the former studies, spindles were considered 
asymmetrical if one of the spindles were twice the amplitude 
of the contralateral side and were considered asynchronous if 
two contralateral spindle mid-points were 2s apart. We used 
the brain symmetry index which has been used before in adults 
[82] and we consider it to be a more accurate metric of spindle 
symmetry than the binary system used previously in infants. 
We also considered the percentage of coincidental contralateral 
spindles less arbitrary than the 2-second rule for the synchrony 
calculation. Along with asymmetry, from infancy to approxi-
mately 2 years of age, spindle duration was reported to reach its 
maximum between 3 and 5 months of age, decreasing thereafter 
[8, 45, 81]. In keeping with these findings, spindle duration in our 
group showed a weak but statistically significant association to 
PMA with a decrease in the short period of time from 55 + 1 to 63 
weeks PMA (Table 4), for each week of PMA, there is a decrease 
of 0.09 s in the spindle duration (p = .018). However, after con-
trolling for sex and timing of recording, (results not included) 
correlations lost statistical significance.
We also found that interhemispheric synchrony of sleep 
spindles was weakly correlated with GA (Table 4) with syn-
chrony decreasing 1.31% for each increment of a week on the 
GA at birth (Table 4). However, this correlation was lost after cor-
recting for PNA, sex, and time of recording.
Relationship between sex and sleep parameters
From simple  linear regression analysis, spectral power was 
25.4% lower (p = .022) and BSI 23.9% (p = .010) higher in males. 
These values changed to 24.5% (p  =  .032) lower and 24.2% 
(p = .011) higher in males respectively after controlling for GA, 
PNA, sex, and timing of the nap (Table 4). Gender differences 
in some sleep spindle parameters have previously been dir-
ectly [28] and indirectly observed, both before [10] and after 
puberty [83] in older cohorts. Fast spindle density is higher 
in female cohorts [28] and may be partly related to menstrual 
cycle [84]. Also, the evolution of sleep spindle frequency and 
density across aging is different for both sexes [25]. To our 
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knowledge, this is the first time that sex differences have 
been reported in sleep spindle power and spindle symmetry 
in infancy. These differences at this young age may be driven 
by different hormonal [85], and brain connectivity profiles 
[86]. In light of these findings, future studies should consider 
sex differences when studying sleep spindle power and sym-
metry properties in infants. No gender differences were found 
in the sleep macrostructure parameters.




  Univariable analysis (n = 91) Multivariable analysis (n = 91)
 r/median (IQR) B 95% CI P† B 95% CI P‡
Frequency (Hz) GA 0.024 0.007 (–0.053 to 0.066) .825 –0.004 (–0.066 to 0.058) .906
PMA 0.066 0.013 (–0.028 to 0.054) .534    
PNA 0.068 0.018 (–0.038 to 0.074) .520 0.010 (–0.048 to 0.068) .723
Sex Female (ref) 13.1 (12.8 to 13.3)       
Male 13.0 (12.8 to 13.2) –0.051 (–0.197 to 0.096) .494 –0.041 (–0.191 to 0.110) .593
Timing of the nap Morning (ref) 13.0 (12.7 to 13.2)       
Afternoon 13.0 (12.9 to 13.3) 0.101 (–0.042 to 0.244) .165 0.098 (–0.053 to 0.249) .202
Duration (min) GA –0.169 –0.086 (–0.192 to 0.020) .109 –0.064 (–0.171 to 0.043) .240
PMA –0.246* –0.086 (–0.158 to –0.015) .018*    
PNA –0.179 –0.086 (–0.185 to 0.014) .090 –0.068 (–0.168 to 0.033) .185
Sex Female (ref) 2.7 (2.6 to 3.5)       
Male 3.1 (2.6 to 3.6) 0.158 (–0.104 to 0.421) .233 0.109 (–0.152 to 0.370) .409
Timing of the nap Morning (ref) 3.2 (2.7 to 3.7)       
Afternoon 2.8 (2.6 to 3.4) –0.276 (–0.530 to –0.022) .034* –0.210 (–0.473 to 0.052) .115
Spectral Power (µV2)§ GA 0.168 1.088 (0.980 to 1.206) .112 1.079 (0.970 to 1.198) .158
PMA 0.167 1.059 (0.986 to 1.137) .113    
PNA 0.072 1.034 (0.937 to 1.141) .500 1.010 (0.915 to 1.115) .839
Sex Female (ref) 8.9 (5.9–12.2)       
Male 6.4 (4.3–10.3) 0.746 (0.581 to 0.958) .022* 0.755 (0.584 to 0.976) .032*
Timing of the nap Morning (ref) 7.2 (4.2–10.3)       
Afternoon 8.2 (5.0–11.6) 1.119 (0.868 to 1.442) .380 1.052 (0.813 to 1.361) .697
BSI§ GA 0.090 1.029 (0.962 to 1.102) .396 1.021 (0.954 to 1.093) .545
PMA 0.017 1.004 (0.958 to 1.051) .875    
PNA –0.062 0.981 (0.920 to 1.046) .561 0.993 (0.931 to 1.058) .822
Sex Female (ref) 0.18 (0.16–0.24)       
Male 0.24 (0.17–0.32) 1.239 (1.054 to 1.456) .010* 1.242 (1.052 to 1.465) .011*
Timing of the nap Morning (ref) 0.19 (0.16–0.27)       
Afternoon 0.22 (0.17–0.30) 1.108 (0.941 to 1.305) .216 1.108 (0.939 to 1.309) .222
Synchrony GA −0.211* −1.307* (–2.583 to –0.031) .045* –1.216 (–2.547 to 0.115) .073
PMA −0.144 −0.613 (–1.500 to 0.273) .173    
PNA 0.001 0.004 (–1.223 to 1.231) .994 –0.067 (–1.313 to 1.178) .915
Sex Female (ref) 60.4 (53.4 to 64.6)       
Male 59.1 (53.0 to 63.6) −1.386 (–4.585 to 1.813) .392 –1.547 (–4.785 to 1.690) .345
Timing of the nap Morning (ref) 61.4 (54.6 to 65.0)       
Afternoon 58.2 (52.2 to 63.7) −1.724 (–4.868 to 1.420) .279 –1.047 (–4.301 to 2.206) .524
Number‖ GA 0.095 5.787 (–8.203 to 19.777) .413 3.410 (–11.072 to 17.892) .640
PMA –0.050 −2.180 (–12.103 to 7.743) .663    
PNA –0.157 −9.078 (–22.204 to 4.048) .172 –9.648 (–23.303 to 4.007) .163
Sex Female (ref) 237.5 (179.0 to 305.8)       
Male 245.0 (208.0 to 285.0) –0.200 (–34.134 to 33.734) .991 –4.750 (–39.596 to 30.095) .787
Timing of the nap Morning (ref) 230.5 (192.8 to 287.3)       
Afternoon 253.0 (200.0 to 287.0) 18.152 (–14.911 to 51.214) .278 17.448 (–16.737 to 51.632) .312
Density (spindles/min)‖ GA 0.015 0.021 (–0.307 to 0.348) .900 0.006 (–0.340 to 0.351) .974
PMA –0.009 –0.009 (–0.240 to 0.223) .940    
PNA –0.025 –0.034 (–0.344 to 0.276) .826 –0.048 (–0.373 to 0.278) .771
Sex Female (ref) 6.9 (5.3 to 8.8)       
Male 6.6 (5.8 to 7.9) –0.117 (–0.908 to 0.674) .769 –0.142 (–0.972 to 0.689) .735
Timing of the nap Morning (ref) 6.7 (5.3 to 8.0)       
Afternoon 6.6 (5.8 to 8.1) 0.081 (–0.696 to 0.857) .837 0.082 (–0.733 to 0.897) .842
Pearson correlation coefficient (r); reference variable (ref); females: n = 37; males: n = 54; morning: n = 42; afternoon: n = 49, unless stated otherwise.
*P < .05.
†From simple regression analysis.
‡From multiple regression analysis..
§Log-transformed prior to analysis and then back-transformed.
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Analysis of the relationship between sleep pressure 
and sleep time, and sleep features
We compared the sleep macrostructure and sleep spindle 
parameters between the morning and the afternoon recordings 
to determine if the time of recordings and circadian rhythm in-
fluence sleep patterns during daytime. Results from univariable 
analysis indicated that spindle duration was 0.28  min shorter 
in the afternoon (p = .034) but, after correcting for sex, GA and 
PNA, the correlation was no longer significant (Table 4). Also, 
no differences were found in sleep macrostructure (Table 5). 
As expected, the proportions of REM/NREM sleep in our diurnal 
study were smaller than those reported during night sleep, al-
though the duration of a typical sleep cycle is similar [54]. This 
nocturnal/diurnal contrast in REM and NREM sleep proportions 
contrast has been described previously not only in adults but 
also in infants by Louis et al. [59] and might be at least partially 
related to the oscillation of body temperature across the day [87] 
(for a review [88]).
Similarly, although some macrostructural sleep elements 
are expected to change across sleep [88], no changes from the 
first to second sleep cycle were observed in this study which 
might be due to the narrow sleep time-frame of our analysis 
Table 5. Univariable and multivariable linear regression analysis of the sleep macrostructure features on GA, PMA, PNA, sex, and timing of the nap
      Univariable analysis (n = 68) Multivariable analysis (n = 68)
   r/median (IQR) B 95% CI P† B 95% CI P‡
Time in NREM (min)§ GA 0.029 1.006 (0.955 to 1.060) .814 1.003 (0.951 to 1.059) .905
PMA –0.095 0.986 (0.951 to 1.022) .443    
PNA –0.166 0.965 (0.917 to 1.016) .177 0.966 (0.915 to 1.019) .197
Sex Female (ref) 36.5 (26.0–40.5)       
Male 34.5 (30.5–42.8) 1.041 (0.916 to 1.184) .533 1.025 (0.899 to 1.170) .707
Timing of the nap Morning (ref) 34.0 (29.5–39.5)       
Afternoon 36.0 (30.2–43.0) 1.051 (0.928 to 1.192) .429 1.055 (0.926 to 1.201) .414
Time in REM (min) GA –0.030 –0.157 (–1.436 to 1.122) .807 –0.181 (–1.522 to 1.161) .789
PMA 0.055 0.199 (–0.695 to 1.094) .658    
PNA 0.109 0.571 (–0.710 to 1.852) .377 0.531 (–0.804 to 1.866) .430
Sex Female (ref) 7.5 (4.4 to 13.6)       
Male 6.2 (2.9 to 11.5) –0.870 (–4.039 to 2.299) .585 –0.674 (–3.976 to 2.628) .685
Timing of the nap Morning (ref) 7.5 (4.5 to 11.5)       
Afternoon 6.0 (3.5 to 11.5) –0.218 (–3.317 to 2.881) .889 –0.198 (–3.436 to 3.041) .903
%REM GA –0.014 –0.118 (–2.196 to 1.960) .910 –0.053 (–2.193 to 2.087) .961
PMA 0.104 0.617 (–0.830 to 2.064) .397    
PNA 0.164 1.397 (–0.667 to 3.461) .181 1.284 (–0.847 to 3.414) .233
Sex Female (ref) 17.7 (10.7 to 29.1)       
Male 17.2 (7.5 to 25.8) –2.899 (–8.008 to 2.209) .261 –2.315 (–7.583 to 2.954) .383
Timing of the nap Morning (ref) 18.0 (10.7 to 28.0)       
Afternoon 17.1 (7.9 to 26.9) –1.970 (–6.979 to 3.039) .435 –2.120 (–7.288 to 3.047) .415
Cycle duration (min)§ GA 0.021 1.004 (0.953 to 1.058) .866 1.002 (0.949 to 1.059) .937
PMA –0.042 0.994 (0.958 to 1.031) .735    
PNA –0.081 0.983 (0.932 to 1.036) .511 0.982 (0.930 to 1.037) .506
Sex Female (ref) 44.0 (35.1–52.4)       
Male 41.8 (37.4–51.1) 1.007 (0.884 to 1.146) .920 0.999 (0.872 to 1.143) .983
Timing of the nap Morning (ref) 43.5 (36.5–51.0)       
Afternoon 42.5 (37.5–51.8) 1.028 (0.906 to 1.166) .663 1.030 (0.902 to 1.176) .660
Latency to Sleep (min)§ GA 0.071 1.062 (0.863 to 1.306) .566 1.016 (0.821 to 1.258) .880
PMA 0.094 1.057 (0.915 to 1.221) .448    
PNA 0.063 1.055 (0.857 to 1.300) .608 1.028 (0.831 to 1.272) .795
Sex Female (ref) 8.8 (3.5–23.9)       
Male 7.5 (4.7–13.6) 0.800 (0.479 to 1.334) .387 0.810 (0.479 to 1.372) .428
Timing of the nap Morning (ref) 7.0 (4.0–12.0)       
Afternoon 9.0 (3.5–23.2) 1.470 (0.897 to 2.406) .124 1.453 (0.867 to 2.434) .153
Latency to REM (min)§,‖ GA 0.133 1.032 (0.973 to 1.095) .289 1.026 (0.965 to 1.092) .404
PMA –0.010 0.998 (0.958 to 1.041) .936    
PNA –0.147 0.966 (0.910 to 1.024) .239 0.963 (0.907 to 1.024) .222
Sex Female (ref) 36.8 (28.9–42.0)       
Male 35.0 (30.6–40.8) 1.010 (0.871 to 1.170) .898 1.000 (0.860 to 1.161) .996
Timing of the nap Morning (ref) 35.0 (29.0–40.0)       
Afternoon 36.5 (30.5–43.5) 1.069 (0.927 to 1.234) .353 1.060 (0.913 to 1.231) .436
Pearson correlation coefficient (r); reference variable (ref); females: n = 26; males: n = 42; morning: n = 31; afternoon: n = 37.
†From simple regression analysis.
‡From multiple regression analysis.
§Log-transformed prior to analysis and then back-transformed.
‖Infants who did not have a complete sleep cycle recorded or meet criteria for staging REM before N2 were excluded (n total = 66; females: n = 26; males: n = 40, 
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(Table 6). Adult studies have shown sleep spindles to be sensi-
tive to reductions in sleep pressure through consecutive sleep 
cycles [23, 25, 28] and increases following sleep deprivation [24, 
27, 89]. In our infants (Table 6), one sleep spindle parameter, 
spectral power, decreased in response to a decrease in sleep 
pressure from the first to the second NREM period. This con-
trasts with adult studies that found an increase in the spindle-
related spectral power concurrent with a decrease in delta 
activity across sleep cycles [27, 90]. No studies to date have 
investigated spindle spectral power across consecutive sleep 
cycles in infants and Louis et al. showed no significant changes 
in amplitude across cycles in 12 infants studied [8]; hence this 
is an area that warrants further research.
Strengths
We used polysomnography in this study, which is considered 
the gold-standard for sleep studies; additionally, good spa-
tial coverage was assured by the use of 21 active electrodes. 
Recording in the sleep laboratory allowed for a standardized en-
vironment and control for factors such as light, noise, and tem-
perature. A clinical physiologist was present at all times during 
the recording to address any technical problems.
All infants had a Griffiths-III assessment performed by cer-
tified clinical neuropsychologist/pediatricians at 18-months, 
ensuring that the infants included in this study had no 
neurodevelopmental impairment.
Spindles were identified as discrete features and selected 
for analysis manually by an experienced clinical physiolo-
gist which would be considered the gold standard for spindle 
detection and allowed correct detection of the spindle seg-
ments, as opposed to spectral power analysis of sigma fre-
quencies or more rudimentary spindle-detection algorithms. 
High agreement scores were obtained when comparing a 
subset of these EEGs with the markings from an EEG-trained 
research nurse.
The present study included a large cohort of infants and de-
scribed the sleep macrostructure at 4 to 5 months of age and 
is the biggest infant cohort reported to date describing sleep 
spindles and this will allow comparison with futures studies on 
maturation and neurodevelopment.
Our study resulted in the detailed description of the sleep 
spindles using parameters that generally are not studied to-
gether: frequency, duration, spectral power, brain symmetry 
index, synchrony, number and density, permitting a broader 
picture of the several elements that constitute the sleep spin-
dles. To our knowledge, this was also the first study to report sex 
differences in sleep spindle parameters in infancy and future 
studies relating sleep spindles to neurodevelopmental patholo-
gies will have to take account of those differences.
Spindles result from complex interactions between the 
thalamus and the cortex; they depend on the numerical ex-
tent of cortical neurons involved as well as the cortical layers 
involved and pathways [91]. Surface EEG, in turn, is only able 
to detect post-synaptic potentials from the most superfi-
cial region of the cortex. Detection of potentials is also de-
pendent on the position of the neurons, as biological dipoles, 
on the cortical gyri, and the number of synchronized firing 
neurons [92]. As a result, only a fraction of the spindle oscil-
lations generated are indirectly detectable by this technique. 
Nevertheless, the study of spindles with EEG is an accessible, 
real-time, noninvasive technique with promising results re-
flecting cognitive abilities [10, 16, 20, 21, 83] and neurologic 
conditions [36–41]
Limitations
There are a number of limitations to our study. First, we could 
not control for the fact that some of the infants fell asleep 
during the trip to the sleep lab; effects of a short nap during the 
car journey may have affected sleep pressure. As seen in Table 6, 
sleep spindle power changes from the first to the second cycle. 
For this reason, a possible reduction of sleep pressure resulting 
from a nap during the trip to our lab may have affected sleep 
spindle power.
Although sleep spindle identification kappa scores were high 
between two raters, sleep staging was only performed by one 
Table 6. Comparison of macrostructure and sleep spindle parameters' values from first to second sleep cycles
Median (IQR)
P†  First cycle Second cycle
Macrostructure analysis (n = 11)‡
 Time in NREM (min) 28 (20.0–36.0) 30 (27.5–37.0) .285
 Time in REM (min) 10.5 (4.5–14.5) 7.5 (3.5–12.5) .533
 %REM 29.7 (13.8–33.0) 16.7 (11.6–29.4) .213
 Cycle duration (min) 37 (29.0–43.0) 40.5 (34.5–45.0) .929
 Latency to REM (min) 28.5 (21.5–36) 31 (27.5–37.5) .213
Sleep spindle analysis (n = 29)   
 Frequency (Hz) 13 (12.8–13.2) 13 (12.8–13.3) .689
 Duration (s) 2.9 (2.6–3.6) 2.9 (2.7–3.4) .496
 Spectral power (µV2) 8.2 (4.9–14.5) 6.4 (4.4–12.2) <.001*
 Brain Symmetry Index 0.18 (0.16–0.26) 0.19 (0.16–0.26) .627
 Synchrony (%) 58.2 (52.6–61.6) 57.2 (52.6–61.6) .358
 Number§ 227 (174.2–246.5) 237.5 (170.0–302.5) .200
 Density§ (spindles/min) 6.4 (5.4–7.6) 7.6 (6.1–9.2) .082
†From Wilcoxon test for paired samples.
‡Infants who did not have two complete sleep cycles recorded were excluded.
§n = 22 due to additional exclusion of infants who fell asleep during electrode placement.
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neurophysiology trained rater and this may constitute a limita-
tion to our study.
Despite being the biggest cohort of infants reported to date 
which provides a detailed analysis of sleep spindles, the number 
of infants may still be a limitation for group comparisons by 
gender and time of the day and particularly for comparisons be-
tween the first and second sleep cycle. Given the sample size, 
only medium/large effect sizes could be detected.
It was only possible to record one polysomnography per in-
fant. Due to this, there was no previous infant adaptation to 
the laboratory. Results from first recording sessions may differ 
from results from other consecutive sessions [60]. Regarding 
sleep spindles, it is accepted that, based on the EEG spectra, they 
are fairly constant and represent an individual signature [15]. 
In a study of twelve adolescents, not all parameters presented 
good intra-individual reliability with one single recording; those 
parameters were slow spindle density and slow spindle duration 
[93]. There is no study so far on the intra-individual reliability of 
sleep spindles in infants. However, considering that only slow 
sleep spindles showed lower intra-individual reliability in ado-
lescents [93] and that these types of spindles tend to appear 
toward toddlerhood [12], we do not believe this had a major im-
pact on our sleep spindle analysis.
To conclude, in this study we characterize normative values 
for daytime sleep macrostructure and sleep spindles from 4 to 
5 months of age. Spindle spectral power decreased from the first to 
the second sleep cycle. Sex differences in the sleep spindle spectral 
power and symmetry were the only independent variables studied 
from the first sleep cycle that remained statistically significant 
after controlling for GA and PNA at the recording, and time of nap. 
For this reason, sex differences should be taken into consideration 
in future studies in this age group. These values may provide a 
benchmark for future studies focusing on early recognition of risk 
of atypical neurodevelopmental trajectory.
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